Upon limited proteolysis of luciferases from the luminous marine bacteria Photobacterium fischeri, Photobacterium phosphoreum, and Beneckea harveyi, the rate of loss of luciferase activity is the same as the rate of loss of the heavier subunit of all three enzymes. It thus appears that the larger subunit of the luciferase from P. phosphoreum should be designated a based on its apparent homology with the a subunits of the luciferases from B. harveyi and P. fischer The luciferase from B. harveyi is more sensitive to chymotrypsin than to trypsin; the luciferases of the Photobacterium species are more sensitive to trypsin than to chymotrypsin. Proteolytic inactivation of all three luciferases results from hydrolysis of a few peptide bonds in the a subunit; the proteolytic fragments from the three luciferases in 0.50 M phosphate are approximately the same size, indicating that the three enzymes have a proteaselabile region at about the same position in the primary structure of their a subunits. Phosphate stabilizes all three luciferases against inactivation by proteases. Formation and degradation of intermediate species derived from the a subunits are readily observable in all three luciferases. Phosphate alters both the rate of product formation and the sites of peptide bond scission. The , subunits of the luciferases from the two Photobacterium species, unlike the enzyme of B. harveyi, appear to be degraded in buffers containing low concentrations of phosphate; in high-phosphate buffers, the # subunits of all three luciferases appear to resist proteases. Analysis of native and chymotrypsin-inactivated P. fischeri and P. phosphoreum luciferases in the analytical ultracentrifuge indicates that, as with B. harveyi luciferase, the products of limited proteolysis do not dissociate under nondenaturing conditions. The fact that the luciferases from evolutionarily diverse species of luminous bacteria have protease-sensitive bonds in the same region of the a subunit that are stabilized by anions strongly suggests that the protease-abile region of the a subunit is either an integral component of or in close proximity to the active center.
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Bacterial luciferase is a heterodimeric (a3) enzyme that catalyzes the oxidation of FMNH2 and a long-chain saturated aldehyde by 02 to yield FMN, the carboxylic acid, and bluegreen light (1, 2) . Although the reactions of luciferases from relatively few bacterial species have been analyzed in detail, there is substantial reason to suggest a common biochemical mechanism, differing only in detail, for all bacterial bioluminescence reactions. Two significant differences between the bioluminescence systems of different bacterial species are (i) the difference in the effect of 02 upon the rate of synthesis of luciferases in Beneckea species and Photobacterium species (3) and (ii) the isolation of a single strain of Photobacterium fischeri that emits in the yellow rather than the blue-green in vivo (4) , apparently by utilizing an energy-transfer system.t
The sensitivity of the luciferase of Beneckea harveyi to inactivation by proteolytic enzymes has been analyzed in detail (5) (6) (7) . This inactivation proceeds via the hydrolysis of one or a small number of peptide bonds within the "protease-labile region" of the a subunit. The protease labile region appears to be either an integral component of the active center or in close proximity to the active center of the enzyme. Access of proteases to this protease labile region is dramatically decreased by binding of FMN or phosphate (8, 9) .
To evaluate further the protease sensitivity of bacterial luciferase, we have compared the effects of limited proteolysis upon the luciferase of B. harveyi with the effects of proteolysis on the luciferases of P. fischeri and P. phosphoreum. The results of these studies demonstrate that all three luciferases, even though purified from different bacterial species, have a common structural feature: a protease-labile region within the a (heavy) subunit which appears to be integrally associated with or in close proximity to the active center.
EXPERIMENTAL PROCEDURE
Materials. N-Tosyl-L-phenylalanyl chloromethyl ketonetreated trypsin and a-chymotrypsin (three times crystallized) were products of Worthington. Soybean trypsin inhibitor, azocoll, phenylmethanesulfonyl fluoride, and bovine serum albumin were products of Sigma. FMN was a gift from Sigma, and the aldehydes were products of Aldrich; both were used without further purification. DEAE-Sephadex A-50 was purchased from Pharmacia, DEAE-cellulose (DE-52) was from Whatman, and Ultrogel AcA 34 was from LKB. All other reagents and solvents were of reagent quality or better.
Bacterial Cultures. The culture and growth of B. harveyi and P. fwcheri have been described (10) . Slants of both species were supplied by the laboratory of J. W. Hastings (Harvard University). The taxonomic classification of these bacteria has been performed by Baumann and his collaborators (11) . B. harveyt [strain 392 (11) ] was formerly designated strain MAV (12) and P. fischeri is the ATCC 7744 that has been described in previous publications (12 Biochemistry: Holzman and Baldwin 4B chromatography was used as the final step in the purification (10) . Luciferases from P. fischeri and P. phosphoreum were extracted from lysates by the standard DEAE-cellulose batch technique (10) . The enzymes were then chromatographed on columns of a new affinity matrix (to be described elsewhere) and finally on aminohexyl-Sepharose 4B (10) . Enzyme from these species was estimated to be >90% pure on the basis of NaDodSO4/polyacrylamide gel electrophoresis (13) . Material of this purity was used in examining the effect of phosphate on the thermal stability and protease lability of luciferases. Enzyme samples used for examination of the fragments resulting from limited proteolysis were purified further (to >95% homogeneity) by gel filtration chromatography on Ultrogel AcA 34 in 0.35 M phosphate/10 mM EDTA/1 mM dithioerythritol, pH 7.0 at 40C. The concentrations of the luciferases were estimated by using an absorption coefficient (Flcm%) of 0.94 at 280 nm (14) .
Molar concentrations are based on a molecular weight of 79,000 for all three enzymes. The activities of the luciferases were measured by the standard FMNH2 injection technique (10) . The aldehyde substrate (n-decyl aldehyde for B. harveyl and n-dodecyl aldehyde for P. fischeri and P. phosphoreum luciferases) was added to the assay mixture immediately before use in order to minimize autooxidation. The aldehydes were prepared as sonicated suspensions at 0.1% for the n-decyl aldehyde and at 1% for the n-dodecyl aldehyde.
Electrophoretic Analysis of the Products of Proteolysis.
Luciferases from the three strains were treated with trypsin and with chymotrypsin in neutral phosphate buffers and the products were analyzed by NaDodSO4 gel electrophoresis (6) .
In certain experiments, the gels were overloaded with protein to permit detection of smaller fragments (see legend to The amount of remaining subunit was estimated from measurements of Coomassie blue-stained gels. Coomassie blue staining intensity was determined by integration of peaks from densitometer scans (Ortec, model 4310) and plotted against the amount of luciferase subunit to establish the linear range of the dye. Great care was taken to remain within the linear range (up to 2 ,gg per subunit band) in all experiments requiring quantitation.
Effect (20) (21) (22) . No comparable experiments have been reported for any other luciferase. Our observations indicate that the a subunit of P. fischeri luciferase has the active center of the enzyme. Furthermore, the P. phosphoreum luciferase clearly has two subunits, with the heavier subunit having the protease labile region. Based on these observations, we have tentatively designated the heavier subunit of P. phosphoreum luciferase a and the lighter subunit (3. Comparison of Lability to Trypsin and Chymotrypsin. The exquisite sensitivity of the luciferase of B. haury to inactivation by proteolytic enzymes has suggested that a region of the a subunit is exposed and accessible to the proteases (5). The decrease in protease lability of the luciferase upon interaction with FMN or with phosphate implies that anion binding stabilizes a conformation of the luciferase in which the exposed region of the enzyme is less accessible to proteolytic enzymes (8, 9) . The interpretation of these and other observations is that the protease-labile region of the a subunit is either an integral component of or close to the active center (5 (1980) 6365 The species selected for this comparative study, B. harveyi, P. fischeri, and P. phosphoreum, represent three highly divergent groups of luminous bacteria (11) . Furthermore, the luciferases from these three strains have been investigated in more biochemical detail than have luciferases from other strains.
Effect of Phosphate on Site(s) of Proteolysis. The luciferases were treated with trypsin and with chymotrypsin twice, once in 0.02 M phosphate and once in 0.50 M phosphate. In each case, the protease was inactivated with phenylmethylsulfonyl fluoride when about 20% (range: 9.2-24%) of the initial luciferase activity remained. In order to demonstrate the existence of bands in the 14,000-dalton region of the gel, concentrated samples were loaded. The Coomassie blue staining is therefore not linear; the low molecular weight bands are accentuated in Fig. 1 . Several features of the proteolytic inactivation process are evident in Fig. 1 . First, phosphate had little, if any, effect on the sites of hydrolysis of the B. hanry enzyme by either trypsin or chymotrypsin. The major difference was that trypsin and chymotrypsin hydrolyzed different bonds that are close in the primary structure of the a subunit. On the other hand, dramatic differences were observed in the samples from P. fischerf and P. phosphoreum. The a subunit of the P. ftscherl luciferase in 0.02 M phosphate was degraded to various bands by both proteases; the major species were about 28,000-30,000 daltons, as for the B. harveyi enzyme, but several other.species also were evident. However, in 0.50 M phosphate, the 28,000-to 30,000-dalton species predominated. The luciferase from P. phosphoreum, like that from P. fischeri, was extensively degraded in 0.02 M phosphate by both trypsin and chymotrypsin; in 0.50 M phosphate, fewer peptide bonds were hydrolyzed, producing fewer fragments. Thus, in 0.50 M phosphate, inactivation of the luciferases from the three bacterial strains by trypsin or by chymotrypsin results in the formation primarily of either a single species or a family of fragments of about 28,000-30,000 daltons.
The results of this experiment suggest that phosphate protects the P. fischeri and P. phosphoreum luciferases from further degradation even after the inactivating bond cleavage(s) has occurred. The inactivation of the luciferase from P. fischer by trypsin was analyzed in more detail (Fig. 2) . In this experiment, the amount of sample loaded in each gel slot was about one-fifth that of the experiment in Fig. 1 in order to ensure a linear relationship between the intensity of staining by Coomassie blue and the mass of protein in a particular band. The initial proteolytic event in both experiments was the generation of a 28,000-to 30,000-dalton species. In 0.02 M phosphate, these A1 of 2X NaDodSO4 sample buffer (11) and 10 id of phenylmethylsulfonyl fluoride (3.5 mg/ml in isopropanol). Native luciferase samples (100% activity) were prepared in a similar fashion for comparison. About Time. min 8 10 FIG. 2. Inactivation of the luciferase from P. fischeri by trypsin in 0.01 M phosphate (Upper) or in 0.50 M phosphate (Lower). The protein remaining in each aliquot was determined by integrating the peaks obtained by scanning the gels (Insets) with an Ortec densitometer. Care was taken to remain within the linear staining range of Coomassie blue. The percentage a subunit (0) and percentage P subunit (-) remaining in each aliquot were relative to the areas of the peaks measured for native (nonproteolyzed) luciferase. The areas of the 28,000 (&) and 30,000 (0) dalton fragments were relative to the area of the a subunit peak of native enzyme. Luciferase samples were 0.57 mg/ml in either 0.01 M or 0.50 M phosphate (pH 7.0; 250).
Reactions were initiated by addition of trypsin (1.3 ,g/ml for the 0.01 M phosphate sample and 3.3 ,ug/ml for the 0.50 M phosphate sample) to the temperature-equilibrated luciferase. species then were degraded to smaller species but in 0.50 M phosphate, they appeared to be relatively stable and were not degraded at an appreciable rate.
Rates of Inactivation and of Cleavage. The possibility that peptide bond cleavage might cause inactivation secondarily by a conformational change, rather than by a direct effect upon the active center, required comparison of the rate of inactivation with the rate of loss of a subunit. The rate of inactivation (11) . The similarities between these three proteins could be discussed more clearly in terms of the primary structures, but only partial sequence data for two of the three are available (19) . An alternative approach for analysis of sequence similarities relies on the antigenic crossreaction of the proteins under investigation (23) .
Anti-B. harveyt luciferase antibody prepared in female New Zealand White rabbits was found to be highly specific for luciferase by the Ouchterlony technique (24) with a crude lysate of B. harvyi cells (Fig. 3) . This experiment suggests that there are substantial differences between the primary structures of the B. harvy luciferase and the luciferases from P. fischerl and P. phosphoreum.
In spite of these apparent differences between the luciferases, it is clear that all three have a protease-labile region in the a subunit and that the accessibility of this region to attack by proteolytic enzymes is modulated by phosphate binding. The simplest explanation of these findings is that this region of the a subunit and the effects of phosphate are important for the activity of the protein and thus the structural feature has been conserved while the bacterial species that produce the proteins have diverged.
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